Nisin is a bacteriocin produced by Lactococcus lactis that has been approved by the Food Drug Administration for utilization as a GRAS status food additive. Nisin can inhibit spore germination and demonstrates antimicrobial activity against Listeria, Clostridium, Staphylococcus, and Bacillus species. Under some circumstances, it plays an immune modulator role and has a selective cytotoxic effect against cancer cells, although it is notable that the high production cost of nisin-a result of the low nisin production yield of producer strains-is an important factor restricting intensive use. In recent years, production of nisin has been significantly improved through genetic modifications to nisin producer strains and through innovative applications in the fermentation process. Recently, 15,400 IU ml −1 nisin production has been achieved in L. lactis cells following genetic modifications by eliminating the factors that negatively affect nisin biosynthesis or by increasing the cell density of the producing strains in the fermentation medium. In this review, innovative approaches related to cell and fermentation systems aimed at increasing nisin production are discussed and interpreted, with a view to increasing industrial nisin production.
Introduction
Nisin is a bacteriocin of the type-I lantibiotic group that is produced by Lactococcus lactis (Hurst 1981) . It demonstrates wide antimicrobial activity against Gram-positive bacteria, including the food pathogens Listeria monocytogenes, Staphylococcus aureus, Clostridium, and Bacillus species, and also prevents their spore germination. Furthermore, nisin can also inhibit Gram-negative pathogen species (such as Escherichia coli and Salmonella) when used together with applications that disrupt the outer membrane, such as EDTA, thermal treatment, and freezing (Belfiore et al. 2007) . Nisin is a cationic, amphiphilic, heat-resistant peptide with a molecular weight of 3353 Da with the ability to form dimers or tetramers (Gharsallaoui et al. 2016 ). In the structure of this molecule, there are the dehydroalanine (DHA) and dehydrobutyrine (DHB) structures that enzymatically have been created by thioether bridges to cysteine forming lanthionine and β-methyllanthionine amino acids that are scarce in nature. To date, seven variants of nisin have been identified: nisin A (Gross and Morell 1971) , nisin Z (Graeffe et al. 1991; Mulders et al. 1991) , nisin Q (Zendo et al. 2003) , nisin U and U2 (Wirawan et al. 2006) , nisin F (Kwaadsteniet et al. 2008) , and nisin H (O'Connor et al. 2015) . Nisin A and Z producers have been isolated from milk and dairy products (Gross and Morell 1971; Graeffe et al. 1991; Mulders et al. 1991) , nisin Q producers from river water (Zendo et al. 2003) , and nisin F producers from catfish (Kwaadsteniet et al. 2008) . Nisin U and U2 are more distantly related variants that have been isolated from Streptococcus uberis, an organism that commonly inhabits the lips, skin, and udder tissues of cows and is found in raw milk (Wirawan et al. 2006) . Finally, nisin H has been reported to be isolated from a gut-derived strain of Streptococcus hyointestinalis (O'Connor et al. 2015) .
Nisin has been defined and documented (E234) by the Food and Drug Administration (FDA) as a GRAS (generally recognized as safe) agent to be in food systems, due to its wide antimicrobial spectrum and its decomposition by digestive enzymes (Luck and Jager 1995) . Nisin has been used since the 1950s to solve problems arising from Clostridium tyrobutyricum in cheese, and today, it is used in the production of various food products, including cheese, ready-made soups, and canned foods (Gharsallaoui et al. 2016) .
Industrial nisin production involves a batch fermentation system in which nisin A-producing L. lactis cells are grown in a supplemented whey or milk medium, and the product is then partially purified. The high cost of industrial nisin production restricts the widespread use of this bacteriocin in food systems due to the low production yield of the producer cells, which is a result of feedback inhibition factors that depend on fermentation conditions and the sensitivity of the producers to nisin. There have been many studies to date focusing on the elimination of the factors that restrict production, and these studies have demonstrated that high amount of nisin production is closely related with the biomass amount, as well as the genetic properties of the producer cells, the fermentation conditions, and the fermentation metabolites that cause feedback inhibitions. In this respect, many innovative systems have been developed to eliminate these restrictions, including those that affect the metabolic regulation of the producers aiming at increased biomass, or a more efficient expression of the nisin biosynthetic machinery and immunity factors, along with fermentation optimization in terms of pH, temperature, substrate, and dissolved oxygen concentrations (Papagianni and Avramidis 2012; Kong and Lu 2014; Simsek 2014; Zhang et al. 2014; Jiang et al. 2015; Kordikanlioglu et al. 2015; Zheng et al. 2015; Zhu et al. 2015; Zhang et al. 2016; Ariana and Hamedi 2017; Hao et al. 2017; Liu et al. 2017; Ni et al. 2017) .
In this review, the innovative approaches applied in cell and fermentation systems in which nisin production has been seen to increase are discussed and interpreted in relation to industrial nisin production. First, the current level of commercial nisin production is evaluated, after which, studies aimed for enhancing the nisin production in cells, as well as applications related to fermentation conditions, are discussed. Finally, suggestions of how to improve industrial nisin production are made.
Commercial production of Nisin
Commercial nisin is generally produced through batch fermentation systems at an industrial scale. Whole milk or skimmed milk is sterilized after the enzymatic or acidification separation of the casein or para-casein fractions, and the subsequent whey is used as a substrate for the growth of producer L. lactis in large-scale reactor systems. Fermentation conditions are optimized at pH 6.0 and a temperature of 30°C. Under optimum production conditions, nisin producer L. lactis cells show a common bacterial growth curve in which the highest nisin activity is measured generally after 8 to 10 h of fermentation. Surprisingly, nisin activity decreases dramatically after this point, most probably due to the proteolytic degradation or the adsorption of nisin onto the producer cells (Simsek and Saris 2009) . After fermentation, a foaming procedure is applied to the fermentate to separate and partially concentrate the produced nisin. Firstly, the fermentate pH is reduced to 4.5, which facilitates the precipitation of such milk proteins as casein and serum; then, the fluid is taken into the system of circulating vertical tubes. To ensure that the nisincontaining liquid is foamed, 0.1% Tween 80 is added and ventilation is applied from the bottom, and the foam forming at the top is collected. In the final stage, sodium chloride and acetone are used to separate the nisin, and the precipitate is dried. Commercial nisin preparations (not exceeding generally 2.5 wt% pure nisin content) are standardized to 10 6 IU g
with denatured milk proteins and NaCl. If 1 g of pure nisin contains 40 × 10 6 IU, biological activity of 40 IU corresponds to 1 μg of pure nisin, regardless of the commercial preparation purity. It is worthy of note that the international unit (IU) corresponds to the amount of nisin that is able to inhibit one cell of Streptococcus agalactiae in 1 ml of broth (Tramer and Fowler 1964) . Thus, commercial nisin preparation has a purity of 2.5% and an activity of 40 × 10 6 IU in 1 g (Patent 1960 ). The main aim of nisin production is to increase the amount of active producing cells in a fermentation medium to achieve a high nisin production yield. On the other hand, during nisin production, the lactic acid produced by the L. lactis results in the feedback inhibition of the producer cells. The accumulation of lactate concentrate in the medium accelerates protein denaturation in the cells and also causes the L. lactis cells to expend more energy to cope with the unfavorable fermentation conditions. These adversities lead to the disruption of the active nisin production phase in the L. lactis cells and even to a decrease in cell density. Another factor that inhibits nisin production is the high concentration of nisin produced in the fermentation. The high amount of nisin that is produced by L. lactis cells inhibits the producer cells, although these producer cells have a higher level of resistance to nisin when compared to non-nisin producing L. lactis strains (Kim et al. 1998; Ra et al. 1996; Kim et al. 1998 ).
Innovative Nisin production systems
Innovative studies aimed at improving nisin production have investigated the construction of producer strains that give high yields through genetic manipulation by minimizing the factors that negatively affect nisin production, re-routing the metabolic pathways in producing cells, or ensuring special fermentation conditions. These approaches have improved nisin production to varying degrees and are listed in Table 1 .
Recombinant Nisin producers
Characterizations of the molecular mechanism of nisin biosynthesis and metabolic regulation have opened the way for efforts in genetic regulation aimed at increase the yield in nisin production. These genetic manipulations have focused on the problems that restrict nisin production, including (i) high nisin concentrations in the medium, (ii) high lactate accumulation, and (iii) low biomass formation.
Active nisin production is encoded by the 14 kb region of the conjugative nisin-sucrose transposon that carries 11 genes ( nisABTCIPRKFEG for the nisin A production; nisZBTCIPRKFEG for the nisin Z production). This gene cluster includes two nisin induced operons (nisA/ZBTCIPRK and nisFEG) and is transcribed as two mRNA molecules (Ra and Saris 1995) . In addition to these mRNA transcripts, a small nisA transcript is detected from cell lysates and arises from the degradation of the larger nisABTCIPRK transcript and/or its pre-termination products. The 3′-hairpin structure of the nisA transcript potentially stabilizes the transcript and results in about a 7-10 min halftime of the nisA transcript (Buchman et al. 1988) . In addition to the nisin induced transcripts, two weak constitutive promoters have been suggested upstream of nisI and nisR (Kuipers et al. 1995; Chandrapati and O'Sullivan 1999) . The functions of the genes in the nisin operons are as follows: nisA/Z encodes for the synthesis of the pre-peptide, nisBC encodes for the modification of the prepeptide after translation, nisP encodes for the protease that allows the formation of the nisin peptide from pre-nisin, nisT encodes for the transporter of the prenisin molecule, nisI and nisFEG (the immunity genes) encodes for the resistance of the producing cell to nisin, and nisRK encodes for the transcriptional regulation of nisin production. The regulation of nisin production is ensured by a two-component regulation system, comprising histidine kinase (NisK)-sensing nisin thereby phosphorylating NisR, which acts as a transcriptional activator for the nisin-inducible nisin promoters directing the transcription of the biosynthesis, immunity, and regulation genes (Engelke et al. 1992; Kuipers et al. 1995; Ra et al. 1996) . The cellular nisin biosynthesis is summarized at Fig. 1 .
Increasing the copy number of the key genes in a nisin biosynthesis contributed directly to an increase in nisin production (Kim et al. 1998; Cheigh et al. 2002; Simsek et al. 2009a, b; Ni et al. 2017) . Likewise, increasing the copy number of the regulation and resistance genes (nisRK, nisFEG) involved in the nisin biosynthesis in producing cells has been found to significantly improve nisin production (Kim et al. 1998; Cheigh et al. 2002; Simsek et al. 2009a, b; Ni et al. 2017) . Although nisin is functional in its own biosynthesis as an inducer, nisin-producing L. lactis cells are adversely affected by nisin. Particularly in the later stages of fermentation, high nisin accumulation in the growth medium causes feedback inhibition on the producer L. lactis strains (Bertrand et al. 2001; Simsek and Saris 2009 ). Nisin-producing L. lactis cells protect themselves from their own nisin production by producing the lipoprotein NisI (also secreted up to 50% without fatty acids) and the transporter complex NisFEG that can export nisin from the cells also having co-operation with the lipoprotein NisI, which can bind nisin (Stein et al. 2003) . Interestingly, the producers offer different levels of resistance against nisin, suggesting different levels of NisI and NisFEG aox1gene was cloned together with pfk13 and pkaC genes to increase glycolytic activity, as well as oxidative respiration.
Papagianni and Avramidis (2012)
L. lactis PLAC7 10,500 IU ml
Chitin-binding domain was cloned in producer L. lactis and was used in a continuous fermentation system in the presence of chitin.
Simsek (2014) L. lactis YF11 4023 IU ml
Genome shuffling was applied to improve the nisin Z production of L. lactis ssp. lactis YF11 via recursive protoplast fusion.
Zhang et al. (2014)
L. lactis N8 5410 IU ml
Fed-batch fermentation was carried out with hemin under aerobic conditions.
L. lactis ATCC11454 4657 IU ml
Nisin was online recovered with foaming fractionation from the fermentation.
Zheng et al. (2015) L. lactis LD2 15,400 IU ml
Nisin was produced in an aerated fed-batch fermentation system with a variable feeding rate.
Jiang et al. (2015) L. lactis F44 5560 IU ml
hdeAB, Idh, and murF genes were cloned and expressed simultaneously to enhance the acidic tolerance of the producer L. lactis.
Zhang et al. (2016)
L. lactis F44A 5346 IU ml
Acidic tolerance was enhanced through the overexpression of the asnH gene in nisin producer L. lactis.
Hao et al. (2017)
L. lactis UTMC106 10,800 IU ml
This producer was used together with Yarrowia lipolytica ATCC18942 in the fermentation system. Ariana and Hamedi (2017) being expressed. Thus, by increasing the expression of nisin resistance genes (nisI and/or nisFEG) in producer L. lactis cells, resistance against nisin may enhance enabling more nisin to be produced before the nisin tolerance limit of the producer cells. Indeed, Kim et al. (1998) reported that transferring the nisI gene on a vector plasmid to the wild-type producer strain resulted in a 20% increase in nisin production, and this increase in the copy number of the nisI gene led to an increase in the copy number of the other genes in the nisin operons in the producer cells. In a study conducted on this basis, it was attempted to increase nisin Z production in the L. lactis subsp. lactis 164 strain by cloning the structural gene (nisZ), regulatory genes (nisRK), and the resistance genes (nisFEG) back into the producer in plasmids. Nisin activity, which was 16,000 AU ml −1 in the control strain, was improved to 25,000 AU ml −1 after increasing the copy number of the regulatory genes (Cheigh et al. 2002) . The arbitrary unit (AU) per milliliter was calculated using the formula (1000/ 125) × (1/D), in which D was the highest dilution that allowed no growth of the indicator organism at 16 h of incubation. The transcription of the nisZ gene was increased when the nisR and nisK genes were highly expressed and resulted in the observed improvements. In another study, the copy number of the nisin regulation and resistance genes (nisRKFEG) in the L. lactis LL27 strain was increased simultaneously, bringing about a 45% increase in nisin production when compared to that of the wild-type strain (Simsek et al. 2009a ). In the same study, in the batch fermentation system of the recombinant strain, in which the copy number of the nisRKFEG genes was simultaneously increased, the dramatic losses experienced in nisin activity in the control strain in the latter stages of the fermentation period was prevented. In nisin production with continuous nisin fermentation, increasing the copy number of the regulation and resistance genes simultaneously has allowed working with high dilution ratios (0.29 h
) of the producer strain. Thus, a significant increase has been ensured in specific nisin production amounts (Simsek et al. 2009b) .
In industrial nisin production, the decreasing pH associated with the production of lactic acid by L. lactis is neutralized through the addition of alkali to establish the appropriate physiological conditions for the cells. However, the lactate that accumulates in the medium in the progressive hours of fermentation inhibits cell proliferation, resulting in losses in nisin production. Examining the nisin production graphs in batch systems, it can be seen that nisin activity decreases significantly towards the end of fermentation, and it has been discussed that in such cases, the cells undergo autolysis and release proteases, and thus nisin activity decreases. One of the first attempts to resolve this identified problem involves the cloning and expressing of the pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) genes to direct the carbohydrate metabolism in L. lactis cells to ethanol production. As Wardani et al. (2006) pointed out, nisin Fig. 1 The cellular model of nisin biosynthesis, regulation, and immunity in L. lactis (Takala and Saris 2007) production in the cells in which the metabolic pathway has been converted to heterofermentative increases 1.7-fold.
One of the objectives in increasing nisin production is to improve the tolerance of the cells to acidic conditions in the fermentation medium. In a study in this regard, it was ensured that the asparagine synthetase (asnH) gene was expressed more to increase the ratio of D-Asp amidation in the cell wall composition of the L. lactis F44 strain. The tolerance to acidic conditions of the obtained recombinant L. lactis F44A strain was significantly improved, and it was determined, consequently, that the F44A strain was able to produce more nisin in the fermentation media when compared to the wild-type strain. In both batch and fed-batch fermentation systems, 2884 and 3405 IU ml −1 nisin were produced by the wildtype F44 strain, whereas the nisin production was enhanced to 3876 and 5346 IU ml −1 nisin, respectively, with the acidtolerant L. lactis F44A . In another study with a parallel hypothesis, 17 genes giving acidic tolerance were transferred to L. lactis F44, sustaining the optimum pH value in the cells. Among these genes, the addition of the hdeAB, Idh(Z) and murG genes resulted in the highest amount of nisin production (5560 IU ml
) (Zhang et al. 2016 ). These results also highlight the adverse effect of the lactate on nisin production.
The amount of nisin production is dependent upon the biomass yielded during fermentation, and so the presence of active producer cells in high concentrations promotes nisin production. Consequentially, there have been many studies aimed at increasing the physiological wellness or the number of active nisin-producing cells under fermentation conditions, with increasing the energetic level of the producers being one of the most basic approaches in this regard. For example, Papagianni and Avramidis (2012) provided the cells with the capacity to produce more energy through some manipulations promoting oxidative respiration in the nisin producer, thus accelerating cell division and metabolism under fermentation conditions. The authors succeeded in cloning the aox1 gene from Aspergillus niger to the nisin producer L. lactis ATCC11454 and used it in a fermentation system with 90% dissolved oxygen and 10 g l −1 glucose concentration. Accordingly, the biomass and nisin production of L. lactis ATCC11454 was 3.2 g l −1 and 5900 IU ml
, while the aox1 gene including L. lactis ATCC11454 produced 5.8 g l −1 and 7900 IU ml −1 biomass and nisin, respectively. This enhancement revealed a need to express the pfk gene encoding the phosphofructokinase (pfk) together with the aox1 gene in L. lactis ATCC11454. Thereby, the aox1 gene was further cloned to the L. lactis ATCC11454 together with the pfk13 and pkaC genes responsible for the phosphofructokinase and AMP protein kinase. It was demonstrated that the biomass and nisin production of the recombinants containing pfk13-pkaC-aox1 genes in a fed-batch fermentation system containing hemin reached 7.5 g l −1 and 14,000 IU ml −1 nisin activity (Papagianni and Avramidis 2012) . In a similar study, the 8-phosphofructokinase pfk gene was expressed in the L. lactis N8 strain, and a 20% higher nisin yield was obtained in the recombinant strain after 10 h of fermentation (Zhu et al. 2015) . Well-organized and optimized fermentation systems enable the production of high amounts of nisin, and so increases in nisin production and yield have been hypothesized through continuous fermentation if the nisin producer L. lactis cells can be kept in bioreactor against dilution. In this respect, the gene encoding the chitin binding domain of chitinase, one of the enzymes cleaving the chitin, which is an abundant polysaccharide in nature, was successfully cloned and expressed in nisin producer L. lactis N8. Subsequently, chitin, to which the cells adhered, was used in the continuous fermentation system of the study to prevent cell outflow. In the system, nisin producers that can adhere to chitin remain in the continuous fermentation system (CICON-FER), and nisin production of over 10,000 IU ml −1 was achieved with 0.9 h −1 dilution rate (Simsek 2014) . In another study, genome shuffling was applied through the repeated protoplast fusion method to increase nisin Z production in the L. lactis YF11 strain. In genome shuffling, ultraviolet radiation and diethyl sulfate mutagenesis were used for template line production. After four rounds of shuffling, an F44 strain that could tolerate both high glucose (8 to 15% w/v) and high nisin concentrations (5000-14,000 IU ml −1 ) was obtained, and this recombinant nisin producer provided a 2.4-fold increase (4023 IU ml
) in nisin production in the fed-batch fermentation system when compared to the YF11 control strain. The findings revealed that the transcription levels of nisZ and nisI, the structural gene of nisin and the nisin resistance lipoprotein, in the F44 strain were higher (48 and 130%, respectively) than those of the control strain (Zhang et al. 2014 ).
Modified nisin fermentation systems
Nisin production was first carried out in batch systems until fed-batch fermentation systems were adopted. Relevant studies have demonstrated that the factors limiting nisin production are the following: (i) the inhibition of producers through high substrate concentrations, (ii) lactate repression of producers, (iii) nisin feedback inhibition in producers, and (iv) nisin degradation by the proteases released from the cells. To eliminate these disadvantages, various innovative modifications have been made to fermentation systems that have contributed to some extent to improvements in nisin production (de Vuyst and Vandamme 1992; Pongtharangkul and Demirci 2006; Simsek and Saris 2009) .
One of the fermentation trials carried out for nisin production involved cycling the active nisin producer cells cultivated in a batch system into the fresh substrate. This application sustained the active physiological state of the logarithmic phase cells in the batch system, maintaining high nisin production characteristics. Bertrand et al. (2001) transferred 10 11 CFU g −1 L. lactis subsp. lactis biovar. diacetylactis cells, immobilized on k-carrageenan/legume gum, onto a fresh medium every hour and achieved 8200 IU ml −1 total nisin activity and 5730 IU ml −1 h −1 volumetric nisin activity. However, since the cells were stabilized in a solid phase, substrate access and also the high nisin concentration exposed to cells were the adverse factors. In a similar study, to increase specific nisin production, L. lactis N8 and LAC48 strains were grown in the batch system, and cells were separated every 30, 60, and 120 min and suspended in a fresh substrate, allowing nisin production to be sustained continuously in an active phase. Although high nisin productivity was attained in 60-min cycles, cellular stability could be maintained more in 30-min cycles, although cell stability decreased significantly within 120 min in the nisin producers after the fifth cycle (Simsek and Saris 2009 ).
The high substrate concentrations in the fermentation medium have an adverse effect on the nisin producers, and so fed-batch fermentation systems are recommended for nisin production rather than batch fermentation systems. That said, studies aimed at preventing the high substrate inhibition in fed-batch fermentation systems are still being carried out. Malvido et al. (2016) re-alkalized the medium in line according to the pH reduction rate of the cells in the fermenter, and glucose was added depending on the amount of spent NaOH, with glucose added after monitoring the activity of the L. lactis CECT539 cells. As a result, it was reported that the use of 400 g l −1 glucose in a fed-batch fermentation system in which the medium was re-alkalized increased production, and this system was thus established as an alternative means of economic nisin production. Nisin production is closely associated with the number and the physiological stability of the producing cells in the fermenter medium. It is notable that a particularly high number of active producing cells in the fermenter can increase nisin production significantly. It is known that bacterial activity is related to the energetic level, and so nisin-producer L. lactis cells have been stimulated to oxidative respiration in fermenter systems inducing heterofermentative instead of homofermentative metabolism, which resulted in the cells having high energy as a result of the activation of the electron transport system. The heterofermentative metabolism of L. lactis when aerobic fermentation is applied in the presence of hemin, and this reroute of the metabolism also resulted in higher biomass after fermentation. Acetone, diacetyl, and ethanol were produced instead of lactic acid, preventing lactate accumulation, meaning that lactate inhibition may also be eliminated through a heterofermentative metabolism.
The respiration of facultative anaerobic L. lactis cells is only possible through the activation of cytochromes in a fermentation media in which hemin and heminmenaquinone are present (Bryan-Jones and Whittenbury 1969; Sijpestejn 1970; Whittenbury 1978; Lechardeur et al. 2004; Brooijmans et al. 2009; Pedersen et al. 2012) . However, since lactic acid bacteria lack the enzymes to carry out hemin biosynthesis, adding hemin to the medium is necessary to start respiration in these strains.
Lactic acid bacteria contain only one type of cytochrome oxidase (CydAB) enzyme. This enzyme complex can function in media containing oxygen and contributes to the oxygen tolerance of bacterial cells (Rezaiki et al. 2004 ). The cytochromes inducing the proton motive force as the final proton acceptor in membranes require the cell to be able to respire in media with even low oxygen concentrations (Brooijmans et al. 2009 ). L. lactis, known for its fermentative metabolism, can respire under aerobic conditions in the presence of hemin, given the presence of the cydA gene. Bolotin et al. (1999) reported that the cydA gene is present in the genome of the L. lactis IL1403 strain and is responsible for the respiration encoded by the cytochrome bd oxidase. During respiration, the cydA gene plays an active role in the electron transfer system and enables ATP production by transferring the electrons to the oxygen.
In the fed-batch fermentation system in which glucose, hemin, and dissolved oxygen concentrations were optimized and L. lactis N8 induced for respiration was used, nisin production was 3.1 times higher than in the control group, fermented without hemin, and a maximum nisin production of 5410 IU ml −1 was achieved. It was concluded that this increase in nisin production was a result of the increase in cell biomass and the minimizing of the feedback inhibition by the lactate accumulated in the medium (Kordikanlioglu et al. 2015) . Nisin also has antimicrobial activity on its producer. Although immunity proteins (NisIFEG) provide producer self-protection, the high concentration of nisin accumulated in the fermentation seriously affects producer strains. Therefore, one of the issues on which researcher's focus is the online separation of nisin from the fermentation system, which will also allow the nisin to be concentrated and purified. Foam fractionation is an innovative approach to obtaining nisin and similar surfactant compounds from media at low cost and in high concentrations. As reported in many studies, the aeration of the fermentation medium, aimed at optimizing the percentage of dissolved oxygen in the medium, has a stimulating effect on nisin production (Amiali et al. 1998; Cabo et al. 2001; Kordikanlioglu et al. 2015) . In a study, the effectiveness of the foam fractionation method in improving nisin production in the fermentation medium was examined that was subjected to foam fractionation with a sterile air inlet at a flow rate of 30 ml min −1 while the producer cell was in the exponential growth phase. In this study, the maximum nisin activity was measured as 4657 IU ml
, and this strategy resulted in a 36.2% increase in total nisin activity measured in the control group fermentation performed using the conventional batch system (Zheng et al. 2015) . The aerotolerance of microorganisms is related to superoxide dismutase enzyme activity and the ability to induce NADH. Since the L. lactis species is catalase negative, the fermentation media is generally anaerobic, and the aeration of the fermentation medium actually has an effect on promoting the growth and nisin production of L. lactis cells (Jiang et al. 2015; Kordikanlioglu et al. 2015) . In a study in which the relationship between the aeration of the fermentation media and nisin production was determined, nisin amounts of 10,700 IU ml −1 were produced under anaerobic conditions, whereas production amounted to 15,400 IU ml −1 in the aerobic condition (Jiang et al. 2015) .
There are also different ways of reducing the accumulation of lactate, which adversely affects nisin production in L. lactis. The extraction of lactate from the medium using solvents, or its neutralization through alkalization, can be given as examples. Another approach is the mixed culture fermentation technique, in which the microorganism to be selected as an adjuvant to L. lactis should meet certain criteria: (i) it should not have the ability to use the main carbon source, (ii) it must have the ability to use lactate, an inhibitor metabolite produced by L. lactis, (iii) it should not adversely affect the nisin produced by L. lactis, and (iv) it should increase the production of the desired target product. Yarrowia lipolytica, which consumes lactate as a substrate source, and the lactate producer L. lactis were cultured simultaneously in a fermentation medium containing molasses, and a 50% increase was achieved in nisin production from this mixed culture fermentation when compared to the control group in which only L. lactis was used. While the nisin concentration in the control group was 6800 IU ml −1
, it was 10,800 IU ml −1 in the mixed culture (Ariana and Hamedi 2017) .
Conclusion
Nisin is the most widely known and applied lantibiotic and is the first and only bacteriocin permitted for use in food. It has also been shown to have potential for use as a therapeutic agent in medical applications and other sectors, and so enhancing its production and reducing costs have been the main justifications for many studies. To date, many recombinant strains have been developed with different metabolic regulations to increase yields in producer strains. In non-GMO approaches, alternative methods have been developed to improve the adaptation capabilities of native strains to the conditions of the medium. Such developments in nisin production are closer being adopted for industrial scale production than GMO approaches due to regulatory issues and consumer acceptance. Organisms with genetic changes using CRISPR/ Cas9 have in the USA and Sweden been regarded not to be GMOs and EU is considering to act similarly. This will lead to opportunities to improve nisin production through methods that combine developments in fermentation methods and data accumulated from previous GMO strains with high nisin production capacities, without having the strains classified as GMOs.
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